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Reconciliation of Methods of Compensation for PSSs
in Multimachine Systems
Michael J. Gibbard, Fellow, IEEE, and David J. Vowles, Member, IEEE
Abstract—Several methods for the design of compensation for
power system stabilizers (PSSs) are used in practice. The object of
this paper is to reconcile the methods and explore their relative
advantages and disadvantages. Three methods are investigated:
the GEP and the P-Vr frequency response approaches, and the
method of residues. It is shown the phase response of a modified
GEP transfer function (TF) agrees closely with that of the P-Vr
TF, thus providing the basis for the design of a robust PSS. Residues
yield only a limited number of phase angles that can be used with
confidence for design purposes and are consistent with the P-Vr
phase response. The remaining residues for rotor modes are af-
fected by variability of participation factor angles and interactions
from other machines. Unlike other methods, the P-Vr approach
yields magnitude and phase information that simplifies the syn-
thesis of the PSS TF and yields a robust stabilizer.
Index Terms—Power system dynamic stability, power system
stabilizers.
I. INTRODUCTION
THE paper by de Mello and Concordia in 1969 [1] providedthe basis for the design of many power system stabilizers
(PSSs) in operation today. Based on the concept of damping and
synchronizing torques developed on the shaft of a generator, a
technique was presented for tuning a PSS for a single-machine
infinite-bus system. In this approach, the PSS transfer function
is designed to provide phase-compensation of the transfer func-
tion between the voltage reference input to the AVR and the
electrical torque developed on the shaft of the generator. The
use of a single-machine model results in a single mode of rotor
oscillation, however, in practice, a generator may participate sig-
nificantly in certain interarea, local area, and intrastation modes
with frequencies of oscillation ranging from 1.5 to 12 rad/s.
Larsen and Swann described in 1981 a practical procedure for
tuning PSSs based on the design approach of de Mello and Con-
cordia [2]. The transfer function (TF) between the voltage ref-
erence input to the AVR and the electrical torque developed on
the shaft is called generator, excitation system and power system
[GEP(s)]. Because the GEP(s) is proportional to the TF from
voltage reference ( ) to terminal voltage ( ), the frequency re-
sponse is measured instead. Compensation for
the phase response over an appropriate frequency range is used
in determining the PSS TF. A further test is performed to de-
termine the gain setting of the PSS. This test consists of raising
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the gain until the onset of instability is observed; the PSS gain
is then set to 1/3rd of this value. A further development of the
GEP approach is reported in [3].
Using the damping torque concepts developed for the single
machine system [1], [4], a procedure for the design of PSSs in
multimachine systems was proposed by Gibbard in 1988 [5]. It
has since been shown that these design concepts for the single-
machine case can be extended to derive a single, centralized PSS
for a multimachine system [6]. With some simplifying assump-
tions, the analysis provides a formal, theoretical basis for the
design described in [7] of practical, decentralized PSSs in mul-
timachine systems in which each machine may encounter the
range of rotor modes mentioned above. As in [4], this approach
employs the so-called - TF which is defined as the transfer
function from the voltage reference ( ) input to the electrical
power ( ) i.e., torque, output of the generator when the shaft dy-
namics of all machines are disabled (disabling is equivalent to
setting the inertia constants of all machines to infinity). The TFs
of the multimachine PSSs are of the form , a structure
commonly used in the industry. In the - design procedure,
the TF is designed to compensate for both the magnitude
and phase shift introduced by the - TF for machine ; this
results in the left shift of the relevant modes. However, the extent
of the left-shift is determined primarily by the setting of the gain
, which is also the value of the damping torque coefficient de-
fined in [5]. This procedure is used in the Australian Electricity
Supply Industry (see Appendix A).
It was shown in [6] that fixed-parameter PSSs based on the
- TFs provide satisfactory damping of the rotor modes over
a wide range of operating conditions. The robust nature of the
design is due to the more-or-less invariant nature of the -
characteristic of individual generators; this was confirmed in
a theoretical analysis of Lam [8]. Lam showed that - TF
is determined primarily by the excitation system and the elec-
trical circuits of the generator. An example of the more-or-less
invariant characteristic of the - TF is shown in Fig. 1 for a
generator in an actual large system covering some 120 operating
conditions of which 35 are normal conditions and the remainder
line-outage conditions, etc.
While stabilizer designers have their own preferred proce-
dures, the paper’s aim is to reconcile the methods – which com-
plement each other–and assess their relative merits.
II. RELATIONSHIP OF RESIDUES TO - TFS
Consider a generator or flexible ac transmission (FACTS) de-
vice stabilizer with a TF of the form between
the output (the local stabilizing signal) and the input (at
0885-8950/04$20.00 © 2004 IEEE
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Fig. 1. P-Vr characteristics of a generator in a large system for a very wide
range of normal and outage conditions.
the summing junction of the generator or FACTS device).
includes the compensating TFs as well as washout block(s) and
possibly low-pass filter(s). It is shown in [9] that if the stator
resistance is assumed negligible, the shift in the rotor mode of




In (2), is twice the inertia constant of machine ; is the
participation factor of the speed state of machine in the th
mode; is the right eigenvector; is the row of the system
matrix associated with the th output; is the -
TF between the voltage reference input of device and the elec-
trical power output of generator , evaluated at the complex fre-
quency with the shaft dynamics on all machines disabled.
It is also shown in [9] that in (2) is the residue for
the rotor mode evaluated for the TF between the voltage
reference input to the generator and output (i.e.,
). For the case of a speed-PSS on unit , the





consisting of the “self” (1st) term and “interaction” terms, that
is
(5)
The form of (3) for the mode shift is well known [10]. The
expression (5) formed the basis in [11] for the analysis of in-
teractions between PSSs in multimachine systems; these results
were also reported in [12].
III. PSS DESIGNS BASED ON GEP, - AND RESIDUES
A. PSS Design Based on the GEP Method
The design of a PSS in a multimachine system employs the
method of Larson and Swan. In this method, the compensation
angle for the PSS TF is the negative of the phase shift of the mea-
sured or calculated frequency response . From
this result, a compensating TF is synthesized for the PSS; the
gain of the PSS is set as described in Section I.
B. PSS Design Based on the Generator - Characteristic
In the design of the PSS, details of which are given in Ap-
pendix A, the PSS TF is designed to compensate for its
- characteristic , that is
(6)
over the range of rotor modes [5]. Equation (5) then reduces to
(7)
In the first term is generally close to a real value if the speed
state of generator participates significantly in mode . Con-
sequently, the first term produces a direct left shift in the -plane
and is the contribution to damping by the PSS on machine ;
such damping is either enhanced or degraded by interactions
with other generators (the second term). Such information is not
available through the conventional calculation of the residue .
Equation (4) allows the contributions to the residue from each
of the generator paths between as input and as
output to be calculated.
C. PSS Design Based on Residues
The use of residues has been employed for the design of gen-
erator PSSs [12, Appendix A]. The associated mode shift is
given by (3). In order to shift the mode directly to the left in the
-plane, the design technique based on residues requires that for
each of the rotor modes of concern, the phase of PSS TF
is
arg arg (8)
where is the TF of the compensator designed
using the residue method. It will be shown that the shortcoming
Authorized licensed use limited to: IEEE Xplore. Downloaded on October 14, 2008 at 01:43 from IEEE Xplore.  Restrictions apply.
GIBBARD AND VOWLES: RECONCILIATION OF METHODS OF COMPENSATION FOR PSSs IN MULTIMACHINE SYSTEMS 465
of this approach is that it is difficult to determine the parameters
of a TF that
• satisfies the required phase shifts over the range of local-
area, interarea, and intermachine rotor modes;
• are robust over a wide range of operating conditions.
Moreover, there is no basis for determining the PSS gain .
IV. COMPARISON OF RESIDUE AND - TF METHODS
Consider the design of the PSS TF based of the - method.
In order that the machine and PSS contribute to a direct left
shift of mode , the compensation angle required for that mode
is from (6)
(9)
where is the compensation provided by PSS TF.
Furthermore, let us assume (5) can be written as
(10)
where the participation factor is complex, and the complex
factor accounts for the unknown effects of interactions
by other generators on the “self” term. In order that machine and
PSS contribute to a direct left shift of mode , a more general
form for the compensation angle required for the mode is
arg arg arg
(11)
Assume: i) for the rotor modes in which machine partici-
pates significantly, is nearly real, and ii) the effects of in-
teractions are negligible. The compensation angle required for
a given mode then reduces from (10) to
arg arg (12)
In order that PSS contributes to a direct left shift of mode
, we conclude from (3), (10), and (11) that the compensation




Substitution of (13b) into (8), reveals that the phase angle of
the residue and the - characteristic at the rotor mode are
related by
arg arg (14)
It should be noted that ideal, accurate phase compensation is
provided by the residue angles and includes the markedly vari-
able effects of interactions. The significance of these effects is
examined as part of the comparison of the methods.
V. COMPARISON OF COMPENSATION METHODS
In order to compare the three methods of compensation for
PSSs in multimachine systems, a case study on a practical
system of some 120 generators having a number of interarea
modes will be examined. For the purposes of these studies,
it is assumed that all PSSs for which compensation is to be
determined employ rotor speed perturbations as the stabilizing
signal. In the following analysis, two cases are considered.
i) All PSSs are out of service and stabilizers on SVCs and
other FACTS devices are disabled. (When shaft dynamics
are disabled for calculation of the - TF, speed-PSSs
are inherently deactivated and calculations are simpli-
fied.)
ii) All PSSs and other stabilizers are in service except for the
machine of interest–and possibly other units in the same
station. [It will be confirmed that results obtained for case
ii) are consistent with those derived in i)].
VI. COMPARISON OF GEP AND - CHARACTERISTICS
The use of the phase response of the conventional GEP TF, as
well as that of the magnitude and phase responses of the -
characteristic, in the design of the PSS TF were explained in
Section III.
For selected generators, the frequency responses for the
conventional GEP TFs and the - TF
[ with all rotor shaft dynamics disabled] are
shown in Fig. 2. The GEPs for two cases are provided, all
PSSs out-of-service and all PSSs in-service except on the units
concerned. Due to certain local-area and intrastation modes
in the range 8–12 rad/s being lightly damped, resonances are
displayed in the GEP frequency responses. Whether PSSs are
in- or out-of service does not affect the underlying form of the
response. If the GEP TF is calculated with all shaft dynamics
disabled (GEPSDD), these resonances are eliminated and its
phase response generally agrees closely with that of the -
TF, as seen in Fig. 3. From a comparison of the latter two
figures, the following observations are offered.
• As is to be expected, the magnitude responses of the con-
ventional GEP and the - TFs differ. (The gain of the
GEP TF tends to unity at low frequen-
cies.)
• The conventional GEP phase response may be “distorted”
by a number of resonances (which should be attenuated
markedly by the damping introduced by properly-de-
signed PSSs). Such phase responses and the lack of
appropriate magnitude information complicate the syn-
thesis of the PSS TF. (It is usually a matter of juggling a
number of lead-lag networks to obtain the desired lead
compensation over the range of modal frequencies.)
• The magnitude responses for the - and the GEPSDD
TFs differ by a constant gain value. There is generally
good agreement between the - and GEPSDD phase re-
sponses. These observations can be explained from a con-
sideration of the single-machine system (see Appendix B).
From a comparison of Figs. 2 and 3, the GEPSDD phase
response is seen to provide a good “smoothed” represen-
tation of that of the GEP.
In conclusion:
• Field-measured GEP responses may be adulterated by res-
onances due to lightly damped local or intrastation modes.
Authorized licensed use limited to: IEEE Xplore. Downloaded on October 14, 2008 at 01:43 from IEEE Xplore.  Restrictions apply.
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GEPs.   PSSs off  x--x;   PSSs on  o--o
Fig. 2. Gens. #13 and #23: Frequency responses forP-Vr and GEPs with PSS
off/on on all other units. (100-MVA base).
  GEPSDD Gen 13    GEPSDD Gen 23   


















Fig. 3. Gens. #13 and #23. Frequency responses for P-Vr and GEP (shaft
dynamics disabled). (100-MVA base).
• By eliminating the resonances associated with the rotor
modes of the conventional GEP TFs, the phase responses
of the GEPSDD TFs provide a sounder basis for the deter-
mination of phase compensation required in PSS TFs.
• Because both the magnitude and phase of the - TF
can be employed in establishing the magnitude and phase
compensation required in the PSS TF, the - TF pro-
vides additional valuable information for its synthesis.
• Field-measured GEPs can assist in the validation of the
small-signal system models used in simulation-based PSS
tuning methods.
TABLE I
GENERATOR 55 (ONE OF TWO IN THE
STATION) RESIDUES OF ROTOR MODES IN TF !=V (SEE FIG. 4)
Ranking: In order of decreasing magnitude of the residue of
rotor modes only.
Mode Type: IA: interarea; LA: local-area; IS: intrastation.
PF: Participation factor. PF Ranking: by magnitude of the
generator’s speed state in the mode .
Residue and PF values in units .
TABLE II
GENERATOR 40 (ONE OF TWO IN THE STATION) RESIDUES OF ROTOR MODES IN
TF !=V (SEE FIG. 5)
. See Table I for a definition of terms.
VII. COMPARISON OF PHASE COMPENSATION PROVIDED BY
THE - TF AND RESIDUES
A. All PSSs and Other Stabilizers Out of Service
Typical phase responses of the - TF, , are given
in Figs. 1–3. For calculation of the - TF, the speed-PSSs
are inherently out of service. As explained in Section II, the
residue of interest is that for the mode evaluated for the TF
of the th generator.
Since (8) and (9) reveal the phase compensation required by
the residue and - methods, a comparison between the phase
compensation derived from the residue angle arg , and that
from the - TF can be assessed by plotting arg
on the phase response arg of the - TF. How-
ever, since the phase responses of arg , have been
employed earlier, it is convenient to plot the angle
arg (15)
instead, on the latter - phase responses. A selection of such
phase plots is shown in Figs. 4–6; these plots for four generators
are representative of four different types of behavior found in
the residues. On the - phase plot of each generator is shown
the angle for the modal frequency of rotor oscillations
(these angle values are called “points” on the plots in the fol-
lowing text). In each of Tables I–IV for selected generators, the
angles are ranked in descending order of the magnitude of
the residue .
Consider Fig. 4 and Table I for generator #55.
Angle points ranked 1, 2, and 3 in Fig. 4 agree closely
with the phase plot of the - TF. Note that the rotor modes
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TABLE III
GENERATOR 13 (MORE THAN FOUR IN THE STATION) RESIDUES OF
ROTOR MODES IN TF !=V (SEE FIG. 6)
. See Table I for definition of terms. # indicates
value not plotted on figure.
TABLE IV
GENERATOR 79 (ONE OF TWO IN THE STATION) RESIDUES OF ROTOR MODES IN
TF !=V (SEE FIG. 6)
. See Table I for a definition of terms.
associated with points 1 and 2 also possess for the respective
rotor modes the largest (nearly real) participation factors.
As is the case for point 2, points 3 and 4 correspond to inter-
area modes but are lower ranked in their associated participation
factors (point 4 in particular).
In Fig. 5 for generator #40, there is close agreement between
points ranked 1, 2, and 3 with the phase plot of the - TF.
Table II reveals that the rotor modes associated with points 1
and 2 also possess the largest (nearly real) participation factors
as well as the largest residues for the respective modes. The re-
maining points, 4–7, diverge from the - response more sig-
nificantly. Note, however, that in relative terms, the magnitudes
of both their participation factors and residues are much smaller
than those in points 1–3.
In Fig. 6 for generator #13, there is a greater scatter of angle
points about the - phase plot, particularly for the in-
trastation and local-area modes. As there are more than four ma-
chines in the station, there are four intrastation modes with the
largest residues [i.e., points 1–4 (see Table III)]. Note that their
participation factors are ranked three or lower and, for points 2
and 4, in particular, the angles of the participation factors deviate
significantly from zero. The last observation will be considered
again in part B. For points 5 –10, the magnitudes of both their
participation factors and residues are less than 10% of those for
the largest value (point 1).
For generator #79 in Fig. 6 there is also a scatter of angle
points about the - phase response, those ranked 1 and 2
in Table IV lying closest to the phase response. As before, the























Fig. 4. Gen. 55. Angle (x), residue angle-180 , plotted on P-Vr phase




























Fig. 5. Gen. 40. Angle (x), residue angle-180 , plotted on P-Vr phase
response and ranked in order of residues magnitudes.




































Fig. 6. Gen. 13 and 79. Angle (x=o), residue angle-180 , plotted on P-Vr
phase response; ranked in order of magnitude of residues.
for which the magnitudes of both their participation factors and
residues are less than 10% of that for largest value (point 1),
and/or the participation factors are complex.
Observations: Three categories are defined as follows.
Category
1: The angle points agree closely with the - phase
response for those generators whose participation
factor in its speed state for the rotor mode
is ranked the largest. This is typically the case
in which the machine swings against the second
machine in the station, or the machine–and per-
haps a second machine in the station–swing against
the rest of the system. This applies to the highest
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ranked residues for generators 55 and 40 (Figs. 4
and 5, Tables I and II, respectively).
Category
2: Otherwise, there is generally a scatter of the angle
points about the - phase response of a given
generator. This is usually the case when, for the
rotor mode of interest, the machine is one of a
number of–or of many–machines participating in
the mode. Consequently, its participation factor
is ranked lower. This applies to the lower ranked
residues for generators 40, 13, and 79.
Category
3: In the second of the above categories, the angle
points for the interarea modes (frequencies
2.02, 2.80, and 4.06 rad/s) are consistently greater
than the - phase responses in Figs. 4 and 5 by
20–40 . In other studies [11], the effect of interac-
tions for interarea modes appears to degrade con-
sistently the contribution to damping of PSS on
machine , while for local-area modes, interactions
may enhance or degrade damping.
In conclusion, the implications of the above observations for
the determination of the phase compensation required are
• Category 1: phase compensation can be provided either
through a few residue angles (8) or from the - TF.
• Category 2: phase compensation is best provided by the
- TF because compensation based on the residue an-
gles may be subject to significant variation about the value
derived from the - TF.
• Category 3: phase compensation based on residues for in-
terarea modes is (from (8) and
(15)) and is somewhat less than that suggested by the -
response since the latter does not account for interactions.
In the - method, it may be judicious–after an appro-
priate analysis–to increase the amount of phase lead pro-
vided by the PSS TF by some 20–40 at the lower interarea
modal frequencies to counter what appears to be a consis-
tent degradation in damping due to interactions [11].
From Figs. 4–6, it is clear that information for use in phase
compensation based on residues is limited to a few reliable
points over the possible range of modes of rotor oscillations.
Moreover, there is no magnitude information provided, thus it
may be difficult to synthesize a PSS TF.
On the other hand, the - frequency response provides re-
liable information on both magnitude and phase over the range
of rotor modes; this simplifies considerably the synthesis of the
PSS TF. In particular, the PSS gain –by definition–is equiva-
lent to the damping torque coefficient (as shown in Fig. 16 for
the single machine case). The value of has practical signifi-
cance: typically, a value of on machine base is a
moderate gain while tends to be a high value–that
may result in significant swings in reactive power.
B. Effect of Complex Participation Factors and Interactions
In the tables, it is noted that the participation factors associ-
ated with the lower ranked residues are complex . As an


























Fig. 7. Gen. 55: Angles  (+) plotted onP-Vr phase response; ranked in order































Fig. 8. Gen. 40: Angles  (+) plotted onP-Vr phase response; ranked in order
of magnitude of residues.









































Fig. 9. Gen. 13 and 79: Angles  plotted on P-Vr phase response; ranked in
order of magnitude of residues.
hence, –are known. From (8), (13), and (15), we define the
difference between these angles as
arg (16)
Thus, if we account for complex participation factors, the dif-
ference between the angle point and response at
frequency is due to interactions, manifested
by the angle . Note in the tables the modal damping ratios
are generally less than 0.1 (i.e., ). As both and
are given in Tables I–IV, we can plot on the - phase
responses together with for ; the plots
corresponding to Figs. 4–6 are shown in Figs. 7–9. The plots of
differ from the - responses by less than 5–10 lag
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Fig. 10. Gen. 55. Angle (x) plotted on P-Vr phase response. PSSs off for

























Fig. 11. Gen. 40. Angle (x) plotted on P-Vr phase response. PSSs off for
station units; in service on other units in the system.
over the range of modal frequencies. Thus, for compensation,
the use of the - response introduces a small angle error.
It is noted that the angle points agree more closely with
the - responses than do the points in
the corresponding Figs. 4–6, isolating the effect of interactions.
This is particularly the case for the intrastation and local-area
modes because fewer machines participate in these modes and
the effect of interactions is less marked. However, many ma-
chines participate in the interarea modes and the effect of inter-
actions is significant; this is revealed in Figs. 7–9 by the offsets
from the responses of - TF and , .
In conclusion, the latter analysis explains the reasons for the
scatter of the angle points about the - plots in Figs. 4–6 and
confirm the conclusions listed in categories 1–3 in part A. This
is further discussed in Appendix C.
C. Evaluating Residues With PSSs in Service
In part A, the residues are evaluated with all PSSs out of ser-
vice for determining the required PSS compensation. A prac-
tical question arises: when PSSs are in service, how does phase
compensation based on residues and the - TF compare? Ex-
cept for the machine of interest and possibly other units in the
same station, these calculations are now repeated with PSSs on
all other units in the system in service.
To provide some slightly differing scenarios, the calculation
for units 55, 40, and 79, respectively, in Figs. 10–12, the PSS of
the second of the two units is off, however, for unit 13 in Fig. 12,
the PSSs on the other units in the station are in service.



































Fig. 12. Gen. 13 and 79. Angle  plotted on P-Vr phase response. PSSs on
























Fig. 13. Gen. 55: Angles  (+) plotted on P-Vr phase response; PSSs off for
station units, in service on other units in the system.
To facilitate the comparison with the residues calculated with
all PSSs off, the following comments are made:
• As expected, the nature and value of the modes are
changed from the PSSs-off condition. The scatter of the
angle points from the - response is similar (Gen.
40), or increased (particularly for local-area modes of
Gens. 55, 13, and 79).
• As for the PSSs-off condition, the points for the interarea
modes are consistently greater than the - phase re-
sponses.
It is of interest to assess again the effects of both complex
participation factors and interactions on the residues. For the
four generators, the angle points given by (16) are calculated
from Tables V–VIII and plotted in Figs. 13–15.
An examination of Figs. 13–15 and Figs. 10–12 yields a set
of observations similar to those in part B for Figs. 7–9 and
Figs. 4–6. Thus, in the analysis of residues, it may make little
difference whether the studies are conducted with the PSSs on
other units in- or out-of-service.
VIII. CONCLUSION
If there are lightly damped modes in the GEP TF
of machine in a multimachine system,
resonances may distort the phase response. Based on a
linearized model of the system it is found that if the shaft dy-
namics of all machines are disabled, not only is a “smoothed”
representation of phase response of the GEP TF derived but it
Authorized licensed use limited to: IEEE Xplore. Downloaded on October 14, 2008 at 01:43 from IEEE Xplore.  Restrictions apply.

























Fig. 14. Gen. 40. Angle  (+) plotted on P-Vr phase response. PSSs off for
station units; in service on other units in the system.







































Fig. 15. Gen. 13 and 79. Angle  plotted on P-Vr phase response. PSSs on
other units in the station and the system in service.
TABLE V
GENERATOR 55 (PSSS OFF FOR BOTH UNITS IN THE STATION) RESIDUES OF
ROTOR MODES IN TF !=V (SEE FIG. 10)
. See Table I for definition of terms.
also corresponds closely with phase response of the - TF.
Thus, like the - TF, the phase information from the GEP TF
(shaft dynamics disabled) can provide the basis for the design
of a robust PSS, however, the magnitude response of the latter
GEP TF yields no useful information.
While residues provide the ideal phase compensation for a
given mode and operating condition, they are subject to an un-
known variability in both the phase of participation factors and
effects of interactions over a range of operating conditions. It is
shown that for the purposes of phase compensation, the method
of residues yields only a limited number of residue angles (typ-
ically 1 to 4) that agree closely with the - phase response
and can be used with confidence for design purposes. This is
the case for a machine whose speed state participates signif-
icantly in the relevant mode and for which the participation
factor is real–or close to real. However, for modes in which
the speed state of a machine participates moderately or weakly,
TABLE VI
GENERATOR 40 (PSSS OFF FOR BOTH UNITS IN THE STATION) RESIDUES OF
ROTOR MODES IN TF !=V (SEE FIG. 11)
. See Table I for definition of terms.
TABLE VII
GENERATOR 13 (PSSS ON FOR OTHER UNITS IN THE STATION) RESIDUES OF
ROTOR MODES IN TF !=V (SEE FIG. 12)
. See Table I for definition of terms.
TABLE VIII
GENERATOR 79 (PSSS OFF FOR BOTH UNITS IN THE STATION) RESIDUES OF
ROTOR MODES IN TF !=V (SEE FIG. 12)
. See Table I for definition of terms. # indicates
value not plotted on figure.
the phase of the participation factor and the effect of interac-
tions due to other machines, particularly for local-area and in-
trastation modes, is shown to produce a scatter of angles
( - ) about its continuous - phase re-
sponse; the - response thus provides a good estimate of the
residue angles through . In the case of interarea modes, the
effects of interactions appear such as to provide a consistent
offset in the angle from the - phase response. Based
on the - phase response, it may be judicious to increase the
phase lead provided by the PSS TF by 20–40 at the lower inter-
area modal frequencies to counter the degradation in damping.
Of the three methods, which are complementary, the -
frequency response provides continuous, consistent information
for both phase and magnitude over the range of rotor modal fre-
quencies and operating conditions; this simplifies considerably
the synthesis of the PSS TF and its tuning. In particular, the
PSS gain –by its definition a damping torque coefficient–is
a meaningful quantity; for example, of 20 p.u. on machine
base is a moderate gain value. Moreover, using the associated
stabilizer damping contribution diagrams, a practical procedure
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can be implemented for the coordination of PSSs to satisfy the
specifications for modal damping [11]–[13].
APPENDIX A
PSS DESIGN BASED ON THE - METHOD
The - TF for generator is the TF from the AVR voltage
reference input on generator to the torque of electromag-
netic origin ( , ) on generator , calculated
with the shaft dynamics of all machines disabled [4], [5].
The stabilizer TFs are of the form . Including
wash-out and low-pass filters, takes the form
and is designed to achieve a left-shift in the relevant modes of
rotor oscillation. The gain (on machine base), which is re-
ferred to as the “gain” of the PSS, determines the extent of
the left-shift. The aim of the design procedure is to introduce
on the generator shaft a damping torque (a torque proportional
to machine speed); this causes the modes of rotor oscillation
to be shifted to the left in the -plane. The ideal TF between
speed and electrical torque perturbations over
the range of complex frequencies of the rotor modes should be
, where is a damping torque co-
efficient (e.g., as in Fig. 16) and is a real number (per unit on
machine base). Let be the - TF. The TF com-
pensates in magnitude as well as phase for the TF of
machine . Assuming rotor speed is used as the input signal to
the PSS, with output , the expression for can be written
(17)
Hence, ideally and . The gain
of the PSS can thus also be considered to be a damping torque
coefficient. The practical, proper TF for the -th PSS is
where is the synthesized form of . As most
rotor modes are relatively lightly damped, can be replaced by
and conventional frequency response methods can be em-
ployed in the design procedure. The aim of a design is to en-
sure that over the range of frequencies of rotor oscillations, the
magnitude response of (17) is flat with zero or slightly lagging
phase shift. Because of the more-or-less invariant nature of the
TF over a wide range of operating conditions, fixed-pa-
rameter PSSs tend to be robust [5].
APPENDIX B
SINGLE-MACHINE MODEL
A single-machine system is shown in Fig. 16[1]. With the
shaft dynamics disabled (i.e., ), we can evaluate the TFs
Fig. 16. Model of a single-machine infinite bus system. An ideal speed-PSS
is represented by gain k = D , the damping torque coefficient.
These TFs are the - and the GEPSDD TFs, respectively,
and are related by the factor for the case of this
simple model. The magnitude plots in the associated frequency
responses will thus differ by a constant amount, however, the
phase responses will be identical.
Note in Fig. 16 an equivalent speed-PSS can be idealized by
the PSS gain , a damping torque coefficient.
APPENDIX C
EFFECTS OF INTERACTIONS ON RESIDUES
According to (5) for the residue, the effects of interactions
are small (e.g., if the products . in the summation term
are each small or negligible compared to that for the generator
of concern . Note that the ratio of the right speed eigenvector
elements is the “mode shape” of generator relative to
that of . Hence, (5) becomes
(18)
In this case, if the participation factor of the speed state
of machine in mode is real, the angle point associated
with will agree closely with the - phase response at fre-
quency . This applies to the category 1 residues for
generators 55 and 40. For example, from Table II, row 1 for the
intrastation mode of gen. 40, the self and interaction terms are
and , respectively; the residue is
thus dominated by the self term. However, if the participation
factor is complex, the residue angle will be augmented by
that of the participation factor; this is primarily the case in row
2 of Table III for gen. 13 for a local-area mode.
However, if the product term for generator is
comparable to similar quantities in the interaction terms in (5),
may be affected markedly by the interaction term. In
this case, a category 2 residue, the angle point will deviate
from the - phase response at frequency –even if
is real. This is often the case for interarea modes in which the
interaction term is comparable with, and in near phase opposi-
tion to, the self term (e.g., and ),
respectively, for row 5 of Table II. Note, using (10), the phase of
the interactions factor is consistent with
the offset of from the - response in Fig. 8.
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